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Abstract: We modeled the effect of the deformation of a Density Gradient Zone ( DGZ) on a local gravity field 
using a cubical model and introduced a new method to simulate a complex DGZ ( CDGZ) . Then, we analyzed 
the features of the model for the influence of the deformation of the DGZ on the local gravity field. We 
concluded that land-based gravity is not sensitive to the thickness of the DGZ and that the magnitude of the 
contribution of the DGZ is one order less than that of the volume strain with the same displacement. 
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1 Introduction 
Following the pioneering work of Walsh[!], who de-
rived the integral expression between local crust de-
formation and gravity changes on a fixed point in space 
by assuming isotropic density and infinitesimal deform-
ation , numerous researchers have attempted to extend 
the theory and apply it to explanations of the changes 
in gravity and deformations that occur before earth-
quakes. Reilly and Hunt[Z, ' 1 investigated Walsh's for-
mula and noted a mistake , but their modified expres-
sion still ignored the effect due to the deformation of 
the lower surface surrounding the integral volume. To 
study the mechanism of the changes in gravity that oc-
curred prior to two earthquakes at Haicheng City in 
1975 (Ms=7.5) and Tangshan City in 1976 (Ms= 
7. 8) , Chen [ 41 derived a general expression about the 
changes in gravity caused by the deformation of a con-
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tinuous medium with a cavity, including the influence 
of ground vertical deformation. More recently, Shen [Sl 
extended the integral expression to large-scale crustal 
movement to allow the simulation of the coupling of re-
gional crust deformation and changes in gravity. How-
ever, a practical formula was not available because of 
the complex integral region and integrable functions. 
In the present study, we modeled the effect of de-
formation due to a Density Gradient Zone ( DGZ ) on 
local gravity using a cubical model and introduced a 
new method to simulate a Complex Density Gradient 
Zone ( CDGZ) . Then, we analyzed the features of the 
model for the influence of the deformation of the DGZ 
on the local gravity field. We concluded that land-
based gravity is not sensitive to the thickness of the 
DGZ and that the effect of the DGZ is one order less 
than that of the volume strain with the same displace-
ment. 
2 Changes in gravity due to the de-
formation of a DGZ 
According to the general formula, the changes in gravi-
ty due to the deformation in a continuous medium with 
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a cavity on an observed point fixed in space P(x0 , Yo, 
z0 ) can be described as follows [ 4 l : 
6g =- cllJ zV· (pu) dV +ciT zpu. ndS-
v R3 lis R3 
(1) 
where 6g is the change in gravity, G is the gravitation-
al constant , R is the distance between the observed 
point P(x0 , Yo, z0 ) and the deformed point in volume 
V, z is the depth of the deformed point , p is the densi-
ty of the medium , u is the displacement of the de-
formed point , S represents the outside and inside sur-
faces of the deformed volume V, excluding the Earth's 
surface, n is the outside normal of S, PE is the average 
density of the Earth (5. 517 g/cm3 ), his the vertical 
deformation, and V is the divergence operator. 
The first term of formula ( 1 ) can be regarded as the 
effect of inner deformation for a deformed volume V on 
the local gravity field [ 4 ' 6 ' ?] • In general, if the density 
of the deformed volume is constant in an isotropic me-
dium, then the first term of formula ( 1 ) degenerates 
into the influence of volume strain. However, the prop-
erty of the crust varies with space significantly, so the 
density of the deformed volume cannot be assumed as 
constant with long-term tectonic activity. This proce-
dure can be described as follows[BJ : 
V(pu)=p V • u+u · gradp=pOI+u • gradp (2) 
where 01 = V u is the volume strain , and gradp is the 
vector of the density gradient. 
Substituting equation ( 2) into ( 1 ) and defining 6g 8 
and 6g 2 , we obtain: 
11J 
zpOI 6g =- G -dV 
8 R3 
v 
=- cllJ zpex d v - cllJ zpe, d v - cllJ zpez d v 
R3 R3 R3 
v v v 
(3) 
6 =- cllJ zu • gradp dV 
K2 R3 
v 
(4) 
where Ex , e, and Ez are line strains for the x-, y-, and 
z-directions, respectively. Therefore , it is important to 
quantitatively estimate the change in gravity caused by 
the DGZ and volume strain and to analyze their 
features. 
2.1 Changes in gravity due to the vertical dis-
placement of the DGZ 
As shown in figure 1 , the cubical model was applied to 
simulate the changes in gravity due to the vertical dis-
placement of the DGZ. The parameters of the cubical 
model were designed as follows: the density of the blue 
region is Ptz , the density of the yellow region is pz. , the 
red region is the DGZ with a range from Z 1 to Z2 , and 
u · gradp is defined as follows : 
y 
• P(x. y. 0) 
Q(x,y, z) 
z 
Figure 1 Model of the vertical DGZ 
(5) 
where Pilz is Pz. -p1z. 
Substituting equation ( 5 ) into ( 4 ) and considering 
the assumption of infinitesimal deformation, we obtain: 
6g2z = 
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where l)g ,_ is the change in gravity due to the vertical 
displacement of the DGZ , and H is the depth of the 
Density Interface ( DI ) o Defining the green function 
between the observed point and the deformed point 
P(x0 ,y0 ,z0 ) and the deformed point Q(x,y,z), 
N,(P,Q)= 
and 
H-zo{ x-xo y-yo 
--- + + 
R y-y0+R x-x0+R 
(x-x0 ) (y-y0 ) [R2 +(H-z0 ) 2]} 
(x-x0 ) 2 (y-y0) 2+(H-z0) 2R2 
(x-x0 ) (y-y0 ) -rurotan--~~~~-(H-z0)R 
M(P,Q)= 
where 
(x-x0 ) ln(y-y0 +R) + 
(y-y0 )ln(x-x0 +R) 
( ) 
(x-x0 )(y-y0 ) 
- z-z0 arctan ( z-zo ) R 
R=.j (x-x0) 2 +(y-y0 ) +(z-z0) 2 
We obtain the following final expression : 
{
-GU,p., M(P,Q) 
lJg,_ = z,-z, 
-GU,p.,N,(P,Q) 
., n 
.$1 Yl 
( 6) 
2o2 Changes in gravity due to the horizontal dis-
placement of the DGZ 
Unlike the vertical displacement, the changes in gravi-
ty caused by the horizontal displacement of the DGZ 
contain two contributions in both the x-and y-direc-
tionso Figure 2(a) shows the model for the x-direction, 
and figure 2 ( b) shows the model for the y-directiono 
The infinitesimal deformation assumptions must be ar-
ranged to construct the models , and the term u o gradp 
is defined as follows : 
r 
O~x~X1 
U,JJ.,. 
X1<x<X2 (7) u • gradp = ----x,-x, 
0 x2 :s::;;;x<+oo 
Substituting equation ( 7) into ( 4) and consider-
ing the assumption of infinitesimal deformation , we 
obtain: 
{
-GU,JJ.,. M(P,Q) 
Bgk= Xz-xl 
-GU,JJ.,.N.(P,Q) 
( 8) 
where {Jg,. is the change in gravity due to the x-direc-
tion displacement of the DGZ, and X is the x-position 
of the Density Interface ( DI) o The Green function M 
( P, Q) between the observed point P ( x0 , y0 , z0 ) and 
the deformed point Q ( x , y, z) , consistent with the 
previously defmition and the Green function N. ( P, Q) 
for the limit , is given as follows : 
N,(P,Q)= 
r:z Zz 
(z--z0 ) 2(y-y0 ) R'-(X--x0)2 
R -( X---x-0 )-c2c-(-y-~-0-)c'2+"-(-z--z-, )-c2 R---c2 rt Zt 
Comparing equations ( 8) and ( 6) , we find that the 
Green function M ( P, Q) is related to its relative posi-
tion between the observed point P ( x 0 , y0 , z0 ) and the 
deformed point Q ( x, y, z) o Regarding the different 
components of displacement, lJg., for the y-direction is 
expressed as follows : 
(9) 
with 
N,(P,Q)= 
In( +R) (Y-yo)' x--xo X~o T--+ R(x--x0+R) R 
.. z, 
(z--z0 ) 2(x--x0 ) R'-(Y-y0 ) 2 
R (Y-y0 ) 2 (x--x0 ) 2+(z--z0 ) 2R2 SJ Zt 
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(a) Model of the r-direction of the DGZ (b) Model of they-direction of the DGZ 
Figure 2 Model of the x-direction and y-direction of the DGZ 
According to the principle of superposition, the total 
changes in gravity due to a deformed DGZ and DI can 
be described as follows : 
0 P11o =pilr =pJ.z =0 
l)g2r P11o ~o. PJ.r =pJ.z =0 
i)g16 Pllr ~o. Pil< =pJ.z =0 
i)g2= 
l)g'Jz PJ.z ~o. P11o =pllr =0 (10) 
i)g 1z +i)g 16 P11o =0, Pllr~o. PJ.z~o 
i)g 2r +i)g 16 PJ.z=O, PJ.r~O, Pilo~O 
l)g 1z +i)g 2r Pilr=O, P11o~O, PJ.z~O 
i)g 1z +i)g 2r +i)g 16 Pil< ~0, Pllr ~0, PJ.z ~0 
2.3 Changes in gravity due to deformation in a 
CDGZ 
In the previous sections, we derived a practical expres-
sion for the changes in gravity caused by displacement 
in a DGZ and Dl by a cubical model. However, the 
density property of real crust is so complex that a sim-
ple cubical model is insufficient to simulate the dynam-
ic process. Therefore, we aimed to create a complex 
model by superposing the cubical model. We denote it 
by i)g20 and 
(11) 
In equation ( 11 ) , the first term denotes the changes in 
gravity due to deformation in a DGZ , and the second 
term denotes the effect of Uniform Density Blocks 
( UDB). The expression 8g2 has been described in the 
previOus section. Here, we present the expressiOn of 
8g0 for UDB. Similar to the effect of a DGZ with infini-
tesimal deformation , we obtain : 
u, 
l)glly =-Gp1 -M(P ,Q) Yz--:Yt 
-o - -Pllr- 'Pn -Prt -pr ( 12) 
u. 
l)g(Jz =-Gp. Z -z M(P ,Q) 
2 1 
The Green function M ( P, Q) is consistent with the 
previous definition. Px ,pil< and i)giJx denote the density 
for the x-direction, the density change for the x-direc-
tion and changes in gravity caused by the x-direction 
displacement, respectively. Substituting equation ( 12) 
into ( 11 ) , we obtain : 
i)g2o= 
i)g IJx +i)g lly +i)g IJz P11o =pilr =pJ.z = 0 
l)g2r +i)glly +i)g(Jz P11o ~0, Pilr =pJ.z = 0 
i)g IJx +i)g 2y +i)g IJz Pllr ~0' Pil< =pJ.z = 0 
L 
l)g IJx +l)g lly +l)g 'k PJ.z ~0, P11o =pilr =0 ( 13) 
l)g IJx +i)g 2y +i)g 'k P11o =0, Pilr ~0, PJ.z ~0 
i)g2x +i)glly +i)g'k Pllr =0, Pil< ~0, PJ.z ~0 
l)g2x +i)g2y +i)g(Jz PJ.z = 0 • Pilr ~0' P11o ~0 
i)g'k +i)g2r +i)g2y P11o ~0, Pllr ~0, PJ.z ~0 
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3 Numerical experimental analysis 
3.1 Traits for the iofluence of defonnation in a 
DGZ on the local gravity field 
As shown in figure 3 , we consider a simple dynamic 
cube model that is 2 km thick, 20 km in length and 
width, buried 40 km underground and has a vertical 
density difference of only 300 kglm3 between the top 
and the bottom. If a vertical displacement of 10 m oc-
curs , according to equation ( 6) , we obtain the chan-
ges in gravity on the plane XOY, shown in figure 4. 
Figure 4 depicts the gravity anomaly on the x-axis 
caused by the cubical model in figure 3 , calculated by 
equation ( 6 ) . The gravity anomaly is symmetrically 
distributed on both sides of the z-axis, and the maxi-
mum value is located on the original point. At 200 km 
away from the origin , the influence becomes negligible 
(less than t x 10-8 ms-2 ). 
For the purpose of investigating the influence of 
depth on the surface gravity, we employ the cubical 
model given in figure 3. Keeping the other parameters 
constant , we obtain the gravity anomaly on the original 
point with a change in depth from 1 km to 100 km and 
incorporate the result into figure 5. The gravity changes 
are not sensitive to the depth in the high value range. 
However , in the shallow layer, especially for the seis-
mogenic zone, the deformation of the DGZ has a tre-
mendous impact on the local gravity field. 
As crucial parameters in the simple model , the area 
and thickness of the cube may play an important role in 
estimating the gravity due to the dynamic process 
shown in figure 3. To further analyze this problem, 
keeping the other parameters constant and altering the 
thickness , we obtain the changes in gravity on the orig-
inal point, shown in figure 6. Upon analyzing the result 
that indicates that the gravity only varies 1 X 10-8 ms -2 
with an increase in cube thickness of 18 km, we con-
clude that the difference in influence between the DI 
and the DGZ at a thickness of 18 km can be ignored in 
the present model , as defined in figure 3. The DGZ 
can generally be simplified as DI. 
Next, by altering the width/length of cube, we obtain 
y 
Figure 3 Schematic diagram of the cubical model 
OL-~---L--~~L-~--_L~~--~~--~ 
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120 
9'too 
~ 
:J60 
~40 
·~ a 20 
Distance (km) 
Figure 4 The surface gravity along the x-axis 
caused by the cubical model 
00 20 40 60 80 
Dilltance (km) 
Figure 5 The gravity anomaly on the original point 
varies with the depth of the cubical model 
100 
the changes in gravity on the original point , as shown 
in figure 7. In contrast to figure 4 , we find that both of 
changes in gravity showing in figure 4 and figure 1 have 
a limit at a certain distance away from the original 
point, and the distances seem to be equal to each oth-
er. Either the scope of the influence or the area of the 
cube indicates the horizontal relative location between 
the observed point and the deformed point. 
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As shown in equation ( 6) , if the green function is 
determined by the relative location , then the gravity 
will vary linearly with displacement and the density 
difference. The numerical results in figures 8 and 9 
confirm this speculation. Holding the other parameters 
constant, gravity varies by 1.57x10-8ms-2 with an in-
crease of 100 kglm3 in the density difference of the 
cube in the case of a vertical displacement of 10 m, 
and the gravity varies by 0. 5 X 10-8 ms -2 with an in-
crease of 1 m in the vertical displacement of the cube 
for a cube density difference of 300 kg/m3 • The verti-
cal displacement usually cannot reach a level of one 
meter per year. For this reason, the density difference 
is the most important factor in several parameters of the 
cube. 
3.2 Gravity anomaly caused by the volume strain 
in the z-direction in UDB 
Equation ( 12) gives an expression of the change in 
gravity due to the volume strain, which contains three 
components in UDB. We consider a dynamic cubical 
model that is 2 km thick , is 20 km in length and 
width, is buried 40 km underground and has a density 
of 2800 kglm3 • H a vertical displacement of 10 m oc-
curs , according to equation ( 12) , we obtain the chan-
ges in gravity on the plane XOY, shown in figure 10. 
The gravity anomaly is synunetrically distributed 
on both sides of the z-axis , and the maximum value is 
located on the origiual point. At 200 km away from the 
origin, the influence becomes negligible ( less than 
1 X 10-8 ms -2 ). In contrast to figure 4' the magnitude of 
the gravity anomaly in figure 10 is an order larger be-
cause the density is approximately ten times larger than 
the difference in density. 
3.3 Method for a CDGZ 
In this section , we introduce a practical method for es-
timating the gravity anomaly caused by the deformation 
in a CDGZ based on the previous cubical model. As 
shown in figure 11 , for a CDGZ model, the red region 
represents the CDGZ, which comprises hundreds of u-
niform density cubes and density gradient cubes. Ac-
cording to equation ( 13) , we can calculate the gravity 
anomaly by superimposing each cubical model in the 
CDGZ. 
6.0 
.:--- 5.8 
·a s.6 
'b 5.4 i 5.2 
"i 5.0 
-~ 4.8 ~-·······~·-­
"' 4.6 -~ 4.4 
" 4.2 
4.0 0 2 4 6 8 10 12 14 16 18 
Thiekne:m (km) 
Figure 6 The gravity on the original point varies 
with the thickness of the cubical model 
120: 
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.j 60~ // 
·"' : I ~ «J' ! 
~ : I 
-~ 20~/ 
0 :1 
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20 
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Figure 7 The gravity on the original point varies with 
the width/length of the cubical model 
Figure 8 The gravity on the original point varies 
with the displacements of the cubical model 
16 c 
-c 14 ~ 
8 . 
b 12: 
::,10' § : 
'::I 8 f-
•1 6 ~ 
~ 4~ 
a 2 
0''""'--~~-~~-~--~-~. 
0 200 400 600 800 1000 
Density difference (kglm) 
Figure 9 The gravity on the original point varies 
with the density difference of the cubical model 
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Figure 10 The surface gravity along the x-axis in the test 
model due to the z-axis line strain 
Figure 11 The schematic diagram of the complex model 
For each cube , the data should be prepared in the 
format shown in table 1 , where X, Y and Z denote the 
coordinates of the cube's geometric center' us' ur' 
and U, represent the three components of displace-
ment p p and p represent the three components of 
' ~ ' T' • 
density , and p 4o , p 111 , and p ~a represent the density 
difference in three directions. Summing the results, we 
can calculate the changes in gravity for the CDGZ. 
4 Conclusions and discussion 
In the present study , we derived practical expressions 
for surlace gravity anomalies due to the deformation of 
a DGZ, DI, and UDB and analyzed the features that 
explain how the parameters of deformed sources, inclu-
ding geometry and density, influence the local gravity 
field in a CDGZ. Through theoretical derivation and 
numerical tests, we formed several conclusions. 
( 1 ) For a given cube with an anisotropic density 
that is buried underground , the changes in gravity on 
the Earth's surlace caused by the vertical displacement 
are distributed in the form of a circle. H a cube with a 
length and width equal to 20 km, a thickness of 2 km, 
a density difference of 300 kg/m3 , and a location 
40 km below the Earth's surface, and moving down-
ward 10 m, the changes in gravity on the surlace will 
reach 4. 7x 10-8 ms -l and impact the gravity field ap-
proximately 200 km in the plane. 
( 2) With an increasing DGZ depth, the maximum 
change in gravity on the Earth's surlace decreases, 
while the area of influence increases. H the depth of the 
cube becomes sufficiently large , the effect on the 
change in gravity can be ignored. H the depth of the 
cube decreases to zero , then the deformation of the 
DGZ will strongly contribute to changes in gravity on 
the Earth's surlace. 
( 3 ) With an increase in the horizontal size of the 
cube, both the magnitude of the observed change in 
gravity and the size of the impacted area will increase. 
Keeping other parameters constant, the contribution of 
the horizontal size of the cube easily reaches a limit. 
( 4) The surlace gravity changes are not sensitive to 
the cube thickness. As shown in figure 3, keeping oth-
er parameters constant , the gravity only varies 2 with 
an increase of 20 km in the thickness of the cube. 
( 5 ) The changes in gravity scale linearly with the 
vertical displacement and density difference of the 
cube. As shown in figures 8 and 9, keeping other pa-
rameters constant, the gravity varies 1. 57 X 10-8 ms -2 
with an increase of 100 kg/m3 in the density difference 
of the cube with a vertical displacement equal to 10 m, 
and the gravity varies 0. 5 with an increase of 1 m in 
the vertical displacement of the cube for a density 
difference of the cube equal to 300 kg/m3 • 
( 6) For the model shown in figure 3 , the magnitude 
Table 1 Data format of a CDGZ 
X y z u. ur u . p. Pr p, P&. Plly P& 
( m) ( m) ( m) ( m) ( m) ( m) ( kg/ml ) ( kg/m3 ) ( kg/m3 ) ( kg/m3 ) ( kg/m3 ) ( kg/m3 ) 
1 0 0 5000 0.1 0.1 0.1 2800 2800 2800 50 50 300 
2 
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of the gravity anomaly caused by vertical displacement in a rmi-
form density cube is one order larger than that of the DGZ. 
In the present study, we focused on deriving a practical ex-
pression for estimating the changes in gravity due to the deforma-
tion of a DGZ, DI and UDB. However, this cubical model is not 
sufficient to simulate complex and dynamic problems. Further 
study will be required to create a more realistic model. 
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